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The main sources of oxytocin in the brain are the magnocellular and parvocellular neurons of the hypothalamic paraventricular nucleus (PVN) and the supraoptic nuclei (43, 46) . In particular, PVN oxytocin production is essential to maintaining energy balance. This is illustrated by observations that SIM1 haploinsufficiency, which reduces PVN oxytocin expression by 80%, results in an obese hyperphagic phenotype, and is reversed by central oxytocin administration (20) . In the PVN, magnocellular neurons release oxytocin both somatodendritically (39) and via axon terminals, most of which project to the posterior pituitary (49) , where oxytocin is released into peripheral circulation. Parvocellular oxytocin neurons send projections to the median eminence and additional central locations, including the spinal cord and the brain stem (40, 49) . Although still speculative, strong evidence exists implicating the nucleus of the solitary tract (NTS) as a site where oxytocin affects feeding and energy expenditure; however, less well known are the contributions of hypothalamic sites, such as the ventromedial hypothalamic nucleus (VMN) (for review, see Ref. 5) .
There is evidence to support that the VMN may be involved in oxytocin effects on energy balance: 1) The VMN, which contains a high percentage of oxytocin receptor (8, 53) , has a well-known role in the regulation of energy balance. 2) VMN lesions are associated with reduced sympathetic nervous system activity and delayed satiety leading to obesity (45, 50, 57) . Similarly, the prominent characteristic of oxytocin deficiency in mice is reduced energy expenditure due to reduced sympathetic tone (9, 18, 51) . 3) Peripheral injections of oxytocin sufficient to induce negative energy balance are associated with elevated c-Fos activation in both the VMN and NTS (64) , suggesting that in addition to NTS, VMN may be an important site for oxytocin effects on energy balance. Despite reports of oxytocin signaling in the VMN, immunohistological analyses reveal that very few oxytocin fibers reach this region (21) . Two mechanisms have recently been identified for how oxytocin may activate its receptor in the VMN: 1) VMN oxytocin receptor may be activated by oxytocin released dendritically from magnocellular oxytocin neurons (44) . On the basis of the proximity of oxytocin neurons to the third ventricle, it has been hypothesized that PVN oxytocin may act in a paracrine manner following dendritic release by entering the ventricular system prior to activating oxytocin receptor in more distal areas of the brain (21, 47) .
2) The fiber plexus lateral to the VMN contains axonal-dendritic synapses where oxytocin has been identified in axon terminals (17) .
We hypothesized that oxytocin in the VMN is a negative regulator of energy balance acting both to reduce feeding and increase energy expenditure. Here, we show that oxytocin reduces feeding and acutely elevates energy expenditure and conclude that the VMN may be one site where oxytocin acts to regulate energy balance.
METHODS

Animals
Adult male Sprague-Dawley (SD) rats (Charles River, Wilmington, MA) were individually housed in cages and maintained on a 12:12-h light-dark cycle (lights on at 0400). Rooms were maintained at 21-22°C. Animals had ad libitum access to water and standard chow (Harlan Teklad 8604; 14% fat, 32% protein, 54% kcal from carbohydrate), except where indicated. All protocols were approved by the Institutional Animal Care and Use Committee at the Veterans Affairs Medical Center and University of Minnesota prior to experimentation.
Stereotaxic Surgery and Placement Verification
Rats were anesthetized with intraperitoneal Xylazine (Butler, Dublin, OH; 3.5 mg/kg) and Ketamine (Ketaset, Fort Dodge, IA; 20 mg/kg) and surgically implanted with bilateral 28-gauge stainlesssteel guide cannulas (Plastics One, Roanoke, VA) placed 1 mm above the target injection site in the VMN: 0.5 mm lateral, 2.5 posterior to bregma, and 8.6 mm below the skull surface, according to Paxinos and Watson (35) . Animals were given 1 wk to recover and at least 4 days of gentle handling and sham injections prior to experimentation. Placement was verified using an neuropeptide Y (NPY) test, as described previously (59) . Placement was deemed correct if the animal consumed more than 2 g of chow within 1 h after 100 pmol NPY. Animals who did not respond to NPY were excluded from the study. Because NPY increases feeding in sites other than the VMN, histological staining was performed on a subset of animals, and placement was verified, as described previously (59) . Brain tissues were postfixed in 10% formalin solution for 48 h, cryostat sectioned at a thickness of 40 m, mounted on gelatin-coated slides, stained with 0.1% thionin, and treated with an ethanol gradient (30 -100%) and clearing agent (Electron Microscopy Sciences, Hatfield, PA). Placement was deemed correct if the injection site was within 0.25-mm radius from the targeted site. This distance was selected on the basis of diffusion coefficients of the injection volume (28) , and our previous data, showing the diffusion radius of 0.5 l of 0.5% pontamine blue dye (58) . Data from animals with misplaced cannulas were excluded from the analyses.
Drug and Injections
Lyophilized oxytocin acetate and NPY were purchased from Bachem Americas (Torrance, CA) and rehydrated in artificial cerebrospinal fluid (aCSF). All doses injected in a volume of 0.5 l over a period of 30 s, with the injector left in place for an additional 15 s to ensure full delivery. Animals were injected either unilaterally, or bilaterally, as indicated for each experiment.
Spontaneous Physical Activity and Indirect Calorimetry
Acrylic 17 ϫ 17 inch chambers were customized with the capability to simultaneously record energy expenditure and spontaneous physical activity (SPA). Two sets of arrays were affixed to the cage in the x-y plane, and one set was placed 3 inches above for measurement of vertical movement. SPA was defined as the sum of time spent ambulatory and time spent moving in the vertical plane. Stereotypic activity was defined as time spent moving within a defined space around the animal (3.25 ϫ 3.25 inches), as measured by beam breaks (37) .
Indirect calorimetry data were collected using Oxymax Lab Animal Monitoring System from Columbus Instruments (Columbus, OH). Prior to testing, chambers were calibrated using a primary gas standard. The chamber was sealed and room air was pumped through at a rate of 3.0 -4.7 l/min, depending on the weight of the rat. Gas exchange measurements were automatically recorded every 30 s throughout the 12-h sampling period with the exception of a 5-min 30-s interval every 14.5 min, wherein room air was sampled for reference calibration. Data were recorded as kilocalories per hour for each 30-s interval. To calculate hourly energy expenditure the 30-s interval rates were converted to kcal/30 s interval. The 30-s intervals were then summed to total kilocalories per hour, excluding the sampling period for gas calibration; thus, kilocalories per hour actually represent the kilocalories per hour interval or kcal/43.5 min. SPA and stereotypic activity were simultaneously recorded using customized infrared activity sensors (Med Associates, St. Albans, VT) to detect horizontal and vertical movement, as previously described (52) . The first 30 min postinjection was excluded from activity and calorimetry data to account for potential confounds in activity due to handling during injections and to allow for the air in the calorimetry chambers to equilibrate after being sealed.
Calculation of Resting Energy Expenditure and Nonresting Energy Expenditure Components of Total Energy Expenditure
Energy expenditure measurements and SPA were collected at 30-s intervals as described above. Resting energy expenditure (REE) was calculated by averaging the lowest 10 energy expenditure recordings (5 min) over the first 2-h postinjection and verifying them against SPA measurements to be sure that these points reflected times when the animals were not moving. This was necessary because in some cases, we were not able to find enough points of inactivity in the oxytocininjected animals during the first hour postinjection to make the REE estimation. For validation of our methods, we compared the REE estimates generated from the data in the 2-h immediately postinjection with REE estimates using data from the 12-h testing period using the lowest 10 energy expenditure points. We did not observe unusually low estimations of energy expenditure around the time when room air was sampled, as others have reported previously (16) ; thus, we did not omit the lowest five points (16). Nonresting energy expenditure (NREE) was calculated as total energy expenditure (TEE) over the first hour of REE. As a final validation, we compared REE and NREE from the same aCSF-treated animals that were used in two different experiments described below (experiment 3 and experiment 4).
Since each hour had three calibration cycles, in which data points were missing for 5 min and 30 s each cycle, it was necessary to extrapolate over that period to get an estimate of 1 h of TEE. We averaged the 30-s energy expenditure measurements (kcal/h) in each subject and multiplied this by the total of the number of 30-s intervals missing due to calibration cycles: ⌺ measured energy expenditure (kcal) for 43.5 min ϩ average 30-s energy expenditure during 43.5 min ϫ 33 (number of missing 30-s intervals) ϭ TEE. NREE was calculated as estimated TEE Ϫ REE.
Conditioned Taste Aversion
We performed a two-bottle conditioned taste aversion test (CTA) (59, 60) . The premise for this test is that when rats are exposed to saccharin and water simultaneously, they predominantly prefer saccharin. When animals are exposed to saccharin and water after being given an injection of a drug with aversive properties, their preference for saccharin can be reduced during subsequent exposures, as a sign of drug-induced malaise. In this case, CTA was used to test whether oxytocin in VMN has aversive properties. Sixteen naïve SD rats were deprived of water for 23.5 h and had scheduled water access for 30 min per day for 7 days. Rats were then randomized into three treatment groups and given 15 ml of 0.1% saccharin immediately followed by a VMN injection of aCSF or 0.1 or 1 nmol oxytocin. This conditioned stimulation was repeated once after 48 h. After an additional 48 h, animals were given a two-bottle choice of either water or 0.1% saccharin, and the change in bottle weight was recorded. After a 72-h washout period, the two-bottle test was repeated with the position and presentation order of the bottles reversed. The purpose of repeating the experiment was to account for a potential confound of preference for place and presentation order. Data are presented as the average of the two trials calculated as a percentage of total fluid intake:[(saccharin solution intake)/(saccharin solution intake ϩ water intake)] ϫ 100.
Experiments
Experiment 1: effect of oxytocin in the ventromedial hypothalamus on feeding. Twelve adult SD rats weighing 550 -850 g were maintained on Research Diets control formula (D12450B; 10% fat, 20% protein, 70% kcal carbohydrate) for 2 wk prior to the onset of testing and for the duration of the experiment. This diet was chosen for compatibility with the BioDaq periodic food recording system (Research Diets, New Brunswick, NJ), which was used for measuring food intake. Because of a technical failure of the equipment, we were not able to use the data collected using the BioDaq software, so food intake and spillage were weighed manually in the BioDaq hoppers at each of the indicated time points. Using a repeated-measures design with a 72-h washout period, rats were bilaterally injected with 0.1, 0.5, and 1.0 nmol oxytocin per side or vehicle [artificial cerebrospinal fluid (aCSF)]. Treatments were given in a randomly ordered Latin Square design. Injections were given 30 min prior to the onset of the dark cycle. Food was allowed ad libitum until 1 h prior to injections and immediately postinjection. Body weights were recorded at 0, 24, and 48 h postinjection. One rat was removed from the study due to illness, and his data were excluded from the statistical analyses.
Experiment 2: effect of oxytocin on feeding after fasting. Twelve naïve adult SD rats weighing 400 -800 g were individually housed in wire cages. Bilateral injections of oxytocin were given 3 h into the light cycle after 16 h of food deprivation at doses of 0 (aCSF), 0.1, and 1 nmol per side. Repeated-measures design was used with a 72-h washout period between treatments, as described in experiment 1. Food was made available immediately postinjection, and food intake and spillage were measured at 1, 2, 4, and 24 h. Body weights were measured at baseline and 24 h. Two animals were removed from the statistical analyses, one due to incorrect placement and one due to illness.
Experiment 3: effect of oxytocin in the ventromedial hypothalamus on energy expenditure and spontaneous physical activity. Eight SD rats weighing 550 -950 g were acclimated to customized 17 ϫ 17 in. acrylic chambers until weight stable (5 days). Using a repeatedmeasures design with 72-h washout period, animals were unilaterally injected with 1 nmol oxytocin or vehicle (aCSF) 30 min before the start of the dark cycle. We switched to a unilateral design for the energy expenditure experiments because the indirect calorimetry chambers take time to seal and calibrate, and we wanted to minimize the amount of time required for making injections to reduce the variability in the timing of the injection for each animal relative to the timing of the light cycle. Rats were placed inside calibrated 17 ϫ 17 inch indirect calorimetry chambers with perforated plastic flooring to allow for spillage collection. Food was removed 1 h prior to injections, and ample (ad libitum) standard chow was placed directly inside the cage immediately postinjection. Water was available ad libitum. Energy expenditure and SPA were recorded for 12 h postinjection during the dark cycle. Food, food spillage, and body weights were measured prior to injections and at 12 h when animals were removed from the chambers.
Experiment 4: effect of oxytocin in the ventromedial hypothalamus on energy expenditure and spontaneous physical activity during fasting. Experiment 3 was repeated using six rats, with the exception that food was not made available during the testing period. One rat was removed from the study due to equipment failure.
Statistical Analysis
Data analyzed using two-way repeated-measures ANOVA, oneway ANOVA, or two-tailed paired t-tests were analyzed in Prism version 6.0 (GraphPad Software). Since body weights were in some cases minimally different from test to test, analysis of covariance (ANCOVA) were performed for each hour of energy expenditure testing, with body weight as a covariate. For ANCOVA analyses, we used SPSS (version 19.0; IBM, Armonk, NY).
RESULTS
Oxytocin in the Ventromedial Hypothalamus Reduces Feeding Without Causing Taste Aversion
Oxytocin was given 30 min prior to the onset of the dark cycle, when rats would normally begin feeding. At the 0.5-and 1-nmol doses, oxytocin reduced feeding during the first hour by 52 and 66% (food intake was 1.8 Ϯ 0.5 and 1.3 Ϯ 0.4 g for 0.5-and 1-nmol doses, respectively, and 3.7 Ϯ 0.7 for controls; P Ͻ 0.05) (Fig. 1A) . After 4 h, animals injected with oxytocin had eaten significantly less than controls: 0.1 nmol reduced feeding by 27% (7.0 Ϯ 1.1 g compared with 9.8 Ϯ 1.2 g for controls), 0.5 nmol reduced feeding by 34% (6.4 Ϯ 1.0 g) and 1 nmol reduced feeding by 22% (7.6 Ϯ 0.8 g). Body weight change (Ϫ0.6 Ϯ 1.6 g after 0.1 nmol oxytocin injections, Ϫ4.0 Ϯ 2.7 g after 0.5-nmol injections and Ϫ1.9 Ϯ 1.9 after 1-nmol injections compared with 0.2 Ϯ 2.1 g for control animals; P ϭ 0.5, ns) and cumulative food intake (24.7 Ϯ 1.3 g consumed after 0.1-nmol injections, 25.4 Ϯ 1.6 g after 0.5 nmol and 23.8 Ϯ 1.1 g after 1 nmol compared with 27.6 Ϯ 2.2 g consumed in the control group; P ϭ 0.4, ns) were not different at 24 h postinjection (figure not shown).
To determine whether oxytocin in the VMN reduces feeding due to malaise, a two-bottle test was performed, as previously described (59, 60) . There were no significant differences in saccharin consumption between oxytocin-treated and aCSFtreated animals (Fig. 1B) ; therefore, it is unlikely that oxytocin caused malaise at the doses given. Together, these data indicate that oxytocin reduced feeding at doses that did not cause conditioned taste aversion.
Oxytocin in the VMN Reduces Feeding After Fasting
After 16 h of fasting, animals injected bilaterally with oxytocin at either 0.1 or 1 nmol ate 38 and 56% less than controls in the first hour (Fig. 2) . Control animals ate 5.0 Ϯ 0.9 g during the first hour, compared with 3.6 Ϯ 0.5 and 2.5 Ϯ 0.3 g for animals injected with 0.1 and 1 nmol of oxytocin, respectively (P Ͻ 0.05). By 4 h, both groups still had a cumulative reduction in feeding by 18%; control animals ate 9.3 Ϯ 0.8 g and animals injected with 0.1 and 1 nmol oxytocin ate 7.8 Ϯ 0.7 and 7.6 Ϯ 0.5 g, respectively (P Ͻ 0.05). After 24 h, food intake (30.0 Ϯ 1.6 g for aCSF, 27.7 Ϯ 1.5 and 27.5 Ϯ 1.6 g after 0.1-and 1-nmol injections, respectively) and body weight change (16.6 Ϯ 2.2 g for aCSF, 10.2 Ϯ 3.3 and 9.2 Ϯ 3.0 g after 0.1-and 1-nmol injections, respectively) were not different (P ϭ 0.2 for food intake, P ϭ 0.08 for body weight change; figure not shown). Together, these data indicate that 1) oxytocin in the VMN acutely reduces feeding during refeeding after fasting without producing compensatory elevations in feeding during the 24 h postinjection and 2) oxytocin effects on feeding are present when the drug is given during the light cycle and in the absence of food.
Oxytocin in the VMN Acutely Increases Energy Expenditure and SPA
To test whether oxytocin increases energy expenditure in the VMN, animals were injected 30 min prior to the onset of the dark cycle, when physical activity normally increases. Total energy expenditure was acutely elevated due to VMN oxytocin injections (Fig. 3A) . These effects were abolished after the first hour, and energy expenditure remained lower in the oxytocin animals for the remainder of the 12-h testing period (Fig. 3A,  inset) . The elevation in energy expenditure during the first hour corresponded to increases in SPA (Fig. 3B ) and stereotypic activity (Fig. 3C) . The effects of oxytocin on SPA were limited to the first hour postinjection (Fig. 3B) . The respiratory exchange ratio (RER) was reduced in animals given oxytocin injections (Fig. 3D) . In the 12-h cumulative interval, oxytocininjected animals ate significantly less than vehicle-treated controls (Fig. 3E ) and oxytocin significantly reduced body weight (Fig. 3F) .
Effects of VMN Oxytocin on Energy Expenditure and SPA Without Access to Food
We tested whether differences in feeding could explain the reduced RER and some of the discrepancy between energy expenditure and activity levels observed in the time period after the first hour postinjection. As in the case in which food was available during the testing period, oxytocin significantly increased energy expenditure during the first hour postinjection, but not thereafter (Fig. 4A ). There were no differences in 12-h energy expenditure (Fig. 4A, inset) , indicating the effects of VMN oxytocin on energy expenditure are acute. Similarly, SPA was elevated during the first hour after oxytocin injection but not vehicle injection ( Fig 4B) ; however, there were no differences in stereotypic activity when food was not available during the testing period (Fig. 4C) . This indicates that the presence of food in the cage did not contribute to the elevations in activity level during the first hour. RER was reduced at a similar rate in both groups when neither group had access to food (Fig. 4D) .
VMN Oxytocin Effects on Resting and Nonresting Components of Energy Expenditure
To validate the methods for calculating REE and NREE, REE and NREE from aCSF-treated animals over the two experiments were compared, since the same animals were used during both sets of experiments. There were no differences in REE or NREE in aCSF-treated animals during experiments 3 and 4 (Fig. 5) . Since elevations in TEE were primarily observed in the first hour, we compared REE and NREE during the first hour postinjection from experiments 3 and 4 (Fig. 5) . Oxytocin increased REE, NREE, and TEE when food was available during the testing period (Fig. 5A) . When food was not in the cage, oxytocin increased energy expenditure by increasing NREE (Fig. 5B) , but not REE.
DISCUSSION
Our results identify the VMN as a novel site where oxytocin affects energy balance. To date, extensive work has discussed the role of the hindbrain in oxytocin-mediated satiety and energy expenditure (3, 4, 6, 26, 30, 38, 56) ; however, hypo- thalamic sites for oxytocin effects are less well described. In the NTS, oxytocin modulates the responsiveness to peripheral satiety signals, such as CCK (3, 4, 31) and leptin (6, 61) . Though there is evidence for a central PVN-NTS pathway mediating the satiety promoting effects of leptin (36), effects of oxytocin on energy balance persist in leptin receptor-deficient rats (24, 26) , suggesting a leptin-independent pathway. Peripheral oxytocin is associated with activation of the NTS, reduced feeding, and weight loss in diet-induced obesity and leptin receptor-deficient rats (11, 23, 26, 64) . In addition to NTS, there is evidence for hypothalamic involvement in oxytocin effects on energy balance. Oleoylethanolamide (OEA), an ethanolamide produced by the small intestine after feeding, reduces food consumption in both fed (15) and fasted (15, 41) rats via central oxytocin (14) . While OEA activates the NTS neurons, recent evidence suggests that the role of NTS in OEA-mediated satiety is via noradrenergic afferent input to PVN oxytocin neurons (42) . Gaetani et al. (14) reported that blocking oxytocin receptors in the third ventricle attenuated the anorexigenic effects of OEA without affecting NTS c-Fos activation, suggesting that oxytocin receptor activation in sites other than the NTS can also mediate feeding behavior. Additionally, Zhang and Cai (64) showed previously that the two primary sites activated by oxytocin were VMN and NTS, suggesting a potential role for VMN in oxytocin in feeding behavior. Herein, we report for the first time that oxytocin injections into the VMN reduce feeding in rats in both the fed and fasted state. A conditioned taste aversion test (Fig. 1B) was performed to ensure that oxytocin-injected animals were not avoiding eating due to malaise.
A single unilateral oxytocin injection into the VMN acutely elevated energy expenditure, primarily by increasing activity (Fig. 5) . Elevations in stereotypic activity were only evident when food was made available during testing (Figs. 3C and  4C ). Stereotypic activity was defined as activity that occurred within a 3-inch box around the animal, and further studies are needed to determine the nature of the stereotypic activity. For example, it is possible that elevations in stereotypic activity were due to activity caused by eating more often (though consuming less during each bout), or by activity due to grooming after eating. The effects of oxytocin on energy expenditure and activity persisted for 1 h, after which animals tended toward reduced energy expenditure without differences in SPA, leading to an overall significant reduction in energy expenditure for the 12-h period (Fig. 3A, C, D) . When food was removed from the cage during the testing period, the differences in 12-h energy expenditure were attenuated, suggesting diet-induced thermogenesis was a contributing factor. For the energy expenditure experiments, to keep the timing of injections similar for each animal relative to the onset of the dark cycle, while accounting for the extra time it takes to seal the indirect calorimetry chambers, we did not perform bilateral injections. It is possible we would have observed a longer duration of elevated energy expenditure or greater increases had we done bilateral injections. For example, Zhang and colleagues (63, 64) observed elevated oxygen consumption that persisted for 4 h following injection of oxytocin into the third ventricle. Future experiments are needed to investigate whether elevated energy expenditure persists longer when both populations of VMN oxytocin receptors are stimulated.
NREE was measured to determine whether physical activity explained oxytocin-induced elevations in energy expenditure during the first hour postinjection. In the absence of food, NREE primarily contributed to the difference in energy expenditure (Fig. 5B) . When food was available, both NREE and REE were elevated in oxytocin-treated animals (Fig. 5A) , indicating that the presence of food in the cage adds an additional source of oxytocin-induced energy expenditure. It was recently reported that endogenous oxytocin is required for diet-induced energy expenditure (61) . In the current study, elevated REE in oxytocin-treated animals during the first hour postinjection could be related to the thermic effect of food, but oxytocin in our study also reduced kilocalorie intake during the first hour postinjection. Alternatively, lack of differences in NREE between oxytocin-treated animals and controls in the absence of food may be due to a floor effect, since NREE was equally low for both animals when food was not made available during testing.
In support of the former (that oxytocin in the VMN increases the thermic effect of food), it was reported that oxytocin in the DMH/VMN is essential for cold-induced thermogenesis (18) . Oxytocin receptor-deficient mice have reduced ␤ 3 -adrenergic receptor expression and elevated expression of ␣ 2A -adrenergic receptor in brown adipocytes (18) . ␤ 3 -adrenergic receptor and ␣ 2A -adrenergic receptor have opposing actions in brown adipose tissue, ␤ 3 -adrenergic receptor activation increases thermogenesis, whereas ␣ 2A -adrenergic receptor activation inhibits thermogenesis (for review, see Refs. 10 and 18). In addition to cold-induced thermogenesis, the metabolic activity of brown adipocytes is also essential for diet-induced thermogenesis (12) . These data support that the finding of elevated REE in oxytocin-injected nonfasted animals during the initial hour postinjection may reflect increases in diet-induced thermogenesis. Peripheral ␤ 3 -adrenergic receptor activation reduce feeding (54) , and the finding that oxytocin alters the expression of adrenergic receptors in brown adipose tissue raises the question as to whether oxytocin in the VMN reduces feeding indirectly via activation of the sympathetic nervous system. Activation of the sympathetic nervous system affects circulating hormones and nutrient metabolites, which influence appetite and satiety. For example, peripheral activation of ␤ 3 -adrenergic receptors enhances central sensitivity to the anorexigenic hormone leptin (29) . If oxytocin acts indirectly to reduce feeding via activation of the sympathetic nervous system, it would explain why animals lacking oxytocin receptor or deficient in oxytocin have normal food intake (1, 9, 19, 51) , whereas animals injected with oxytocin have reduced feeding and increased energy expenditure.
PVN oxytocin neurons have previously been shown to exhibit diurnal rhythmicity in oxytocin expression, whereby oxytocin expression is increased during the day and reduced at night (64) . Additionally, oxytocin neurons also are affected by energy status. Fasting reduces PVN oxytocin production (5, 13, 20, 55) and refeeding increases oxytocin production (20) . The present data show that oxytocin injections reduced feeding when animals have been food-deprived (Fig. 2) 3 h after the onset of the light cycle. Similarly, oxytocin significantly reduced feeding and increased energy expenditure and activity at the onset of the dark cycle. Thus, in the VMN the effects of oxytocin may not be limited by circadian or behavioral influences on signaling at the receptor level, however, since our rats were injected in two different conditions (fed vs. fasted) during different times of the day. Future experiments are necessary to determine circadian effects of oxytocin injections in both the fed and fasted state.
In the current study, oxytocin injection during the dark cycle reduced 12-h energy expenditure, but Zhang and Cai (64) reported no change in 12-h energy expenditure under similar conditions. One reason for this discrepancy may be the source of dietary kilocalories: Zhang et al. maintained animals on a high-fat diet, whereas animals were given standard chow in the current study. A higher energy density in the high-fat diet may cause greater elevations in thermic effect of food after oxytocin treatment and, thus, eliminate the energy expenditure deficit caused by reduced caloric intake. Zhang and Cai (64) measured energy expenditure following 1 wk of nightly injections of oxytocin; thus, we cannot exclude the possibility that the discrepancy in our data is due to an effect of acute vs chronic injections. Additionally, in the present study, oxytocin was injected directly into the VMN, whereas Zhang and Cai (64) used intracerebroventricular injections. This raises the possibility that these two data sets are not entirely comparable because regional effects of oxytocin given intracerebroventricularly may counteract each other.
The present study has some limitations. One is the timing of injections during the fed and fasted states. Fasting oxytocin injections were performed during the inactive period, and nonfasting injections were performed at the onset of the dark cycle, when animals would normally eat their first meal. Oxytocin receptors may also have some circadian rhythmicity, and thus, it is not certain whether oxytocin would be similarly anorexigenic in fasted animals that were injected at the onset of the dark cycle. Another limitation of this study is that oxytocin can act as an agonist to the arginine vasopressin V1A receptor (25) , which is also present in the hypothalamus; thus, the present data do not distinguish whether oxytocin in the VMN exerts energy regulatory effects via the oxytocin or vasopressin receptor. Future experiments are required to determine which receptor population exogenous oxytocin acts upon as it alters feeding, activity, and energy expenditure.
In summary, the current data show that direct injections of oxytocin in the VMN reduce feeding and elevate energy expenditure during both the fed and fasted state, implicating the VMN as a site where oxytocin has antiobesity effects. It remains to be determined whether the VMN plays a role in endogenous effects of oxytocin on energy balance. On the basis of the current findings, this is worth further investigation.
Perspectives and Significance
Oxytocin is in the beginning stages of the clinical use for the treatment of obesity and diabetes (34, 65) , although the mechanism by which oxytocin promotes a negative energy balance is not understood, nor have the sites of oxytocin's effects been characterized. Understanding the site and mechanism of oxytocin effects on feeding and energy expenditure will help in developing targeted therapeutics. In some cases, oxytocin is being used to treat nonmetabolic disorders, such as autism and schizophrenia, for which anorexigenic effects or elevated energy metabolism might be undesirable. In other cases, genetic disorders leading to obesity, such as Prader Willi syndrome-in which oxytocin neurons are reduced (48)-or polyphorphisms of the fat mass and obesity-associated genewhich regulates oxytocin expression (32)-knowing the sites and mechanism of oxytocin effects could help with the development of targeted delivery systems. The current data indicate that in addition to the NTS, the VMN is a central location where oxytocin may exert antiobesity effects.
